Effect of Graphene oxide (GO) was observed on Meloidogyne incognita and Macrophomina phaseolina and on the growth of lentil in pot experiment. Treatment of plants with 10 ml solution of GO with 125, 250 and 500 ppm concentration caused a significant increase in plant dry weight over control. Inoculation of plants with M. incognita or M. phaseolina caused a significant reduction in plant dry weight over uninoculated control. Treatment of plants with 125, 250 and 500 ppm GO and subsequent inoculation with M. incognita or M. phaseolina caused a significant increase in plant dry weight over plants inoculated without GO pretreatment. Treatment of 500 ppm GO caused a greater increase in plant dry weight of M. incognita or M. phaseolina inoculated plants followed by 250 ppm and 125 ppm. Numbers of nodules per root system were high in plants without pathogen. Inoculation of M. incognita or M. phaseolina caused reduction in nodulation. However, treatment of GO in all the three concentrations had no significant effect on nodulation in plants both with and without pathogens. Treatment of GO resulted in reduced galling, nematode multiplication and root-rot index. Greater reduction in galling, nematode multiplication and root-rot index were observed in plants treated with 500 ppm GO followed by 250 ppm and 125 ppm. Indices were reduced to 4, 3 and 2, respectively, when plants with M. phaseolina were treated with 125, 250 and 500 ppm GO. This study shows that the use of GO is useful for the management of M. incognita and M. phaseolina on lentil.
Lentil (Lens culinaris Medik.) is a bushy and annual shrub. It is popular for its lens shaped seeds, which are consumed as food in stew or other forms all over the world. The plant has many branches and pods containing one to two seeds. Lentil is one of the best and cheapest sources of vegetable proteins (Adsule et al., 1989) . The enrichment of lentils with high protein makes it the preferred pulse crop to rural poor households in the world. The lentils are an important source of essential amino acids, fatty acids and trace minerals (Haq et al., 2011) . Unfortunately, there are some constraints of pests and pathogens in the successful cultivation of lentil. Root-rot (Macrophomina phaseolina) and root-knot (Meloidogyne incognita) diseases cause considerable losses to this important crop.
Root nodulation is a complex symbiotic process between host plant and Rhizobium sp. Rhizobium Frank is a genus of gram negative soil bacteria that fix nitrogen. It forms a symbiotic nitrogen fixing association with roots of legumes. The association of rhizobia with plant pathogens in the rhizosphere is not always detrimental since it sometimes leads to stimulation of nodulation (Hussey and Barker, 1976) . The presence of rhizobia in the rhizosphere may also protect the host root from damage caused by pathogens (Siddiqui and Husain, 1992; Siddiqui and Mahmood, 1995) .
Nanotechnology has come into play and started affecting all aspects of life in a widespread manner including plant pathology. The subject nanotechnology deals with manufacturing, study and manipulation of matter at nano-scale (or atomic scale) in the size range of 1-100 nm which may be called as nanoparticles (Rajan, 2004) . Any material when attenuated at nanometer scale exhibits new properties that are entirely different from its bulk counterpart due to small size and high surface to volume ratio. It is shown in terms of higher plasticity at high temperature; higher hardness, breaking strength and toughness at low temperature; higher chemical reactivity and surface energy; and high mobility in the body of an organism including cellular entry (Rajan, 2004) .
Graphene is a carbon based material that can be viewed as a one atom thick sheet of graphite. Isolation and measurement of unique electronic properties of Graphene has been investigated intensively (Novoselov et al., 2004) . Quickly after its initial discovery, Graphene was used to make electronic devices for a variety of applications (Allen et al., 2010) . Because high quality sheets of Graphene is often prepared by chemical vapor deposition (CVD) ( Li et al., 2009; Mattevi et al., 2011) which requires expensive equipment, many groups have looked at using GO as a solution processable alternative for the preparation of Graphene like materials (Compton et al., 2010; Dreyer et al., 2010b; Mao et al., 2012) . Indeed, GO can be reduced in solution and as a thin film using a variety of reducing conditions, and reduction converts the GO into a material that has a large enhancement in electrical conductivity (Dreyer et al. 2010b; Gilje et al., 2007) . In addition to its use in making reduced GO for electronic devices, GO has been used in catalytic oxidation (Dreyer et al., 2010a; Yeh et al., 2010; Pyun 2011 ) biotechnology (Guo et al., 2011; Song et al., 2011; Wang et al., 2011; Sanchez et al., 2012) and as a surfactant (Kim et al., 2010) . Graphene is also related to carbon nanomaterials such as carbon nanotubes and fullerene.
During the course of survey of lentil fields of Aligarh district of U.P., we found frequent occurrence of Macrophomina phaseolina (Tassi) Goid and Meloidogyne incognita (Kofoid and White) Chitwood. Plants infected with M. phaseolina showed reddish to dark brown root lesions that can develop on epicotyls and hypocotyls. Brown discoloration occurring near the soil line on the epicotyl could girdle the stem while plants infected with root knot nematode M. incognita were characterized by poor growth and galling in roots. These two pathogens were highly destructive representing major constraints in the successful cultivation of lentil.
In the present study an attempt was made to use nanoparticle, GO, for the management of Macrophomina phaseolina (Tassi) Goid and Meloidogyne incognita (Kofoid and White) Chitwood on lentil.
Materials and Methods
Root and soil samples were collected from lentil fields of Aligarh district, U.P., India. These samples were collected in polythene bags and stored in a refrigerator at 4 °C until processing began. The samples were examined for the presence of the root-knot nematode Meloidogyne spp., and root-rot fungus Macrophomina phaseolina.
Isolation and identification of root-knot nematode M. incognita
Root galls were dissected to take out the females of root-knot nematodes. Identification of Meloidogyne sp. was made on the basis of perineal patterns (Taylor and Sasser, 1978) . Soil samples were also processed for the isolation of nematodes by Cobb's sieving and decanting technique followed by a Baermann funnel (Southey, 1986) . Identification of root-knot juveniles were also made from the nematode suspension.
Isolation of root-rot fungus from infected lentil roots
Root showing root-rot symptoms were transferred to sterilized Petri dishes containing sterilized distilled water and gently freed of soil particles. These parts were transferred to other Petri dishes and the process was repeated until all adhering soil particles were removed. Later, these infected roots were cut into approximately 5 mm pieces and transferred to a Petri dish containing 0.1% sodium hypochlorite (NaOCl) solution. After one minute the pieces were washed at least thrice in distilled water and dried on filter paper. Five of these pieces were then plated in each of 10 Petri dishes containing PDA (Potato dextrose agar) using sterilized forceps under aseptic conditions. Petri dishes were incubated at 25±2 °C for 10 days. The fungus that developed from infected roots was examined. M. phaseolina forms black colonies in PDA and identification was done on the basis of Ghos and Ghos (1990) . Hyphal branches generally form at right angles to parent hyphae, but branching is also common at acute angles. Mycelium is septate 1.5 to 2.5 µm wide, hyaline first and turns black later. Shapes of sclerotia are mostly irregular. Sclerotia are hyaline to light brown about 90 µm in diameter under laboratory condition. On confirmation of its identity as M. phaseolina its pure culture was prepared. The pure culture was stored at 5 °C until used.
Preparation and characterization of GO
GO was prepared using modified Hummer's method (Hummers and Offeman, 1958) using AR grade chemicals. Briefly, 2 g of graphite powder was placed in a flask. Then 46 ml of H 2 SO 4 was added with stirring in an ice bath for 15 min, 6 g of KMnO 4 was slowly added to avoid sudden increase in temperature over about half an hour keeping temperature below 20 °C . Stirring was continued for 35 minutes during which the colour changed from purple to purple green. After 35 min, ice-bath was removed and mixture was heated to 35 °C and maintained the temperature for 30 min, thick paste was formed.
Subsequently, 92 ml deionized (DI) water was gradually added so that the temperature increases to 98 °C and external heat was introduced to maintain temperature at 98 °C for 15 min. After 15 min, 280 ml DI water and 20 ml of hydrogen peroxide (H 2 O 2 ) (30 wt% aqueous solution) was further added. Stirring continued for 2 h so that colour of solution turned to brilliant yellow accompanied by bubbling. Resulting solution was filtered and washed with 250 ml of 10% HCl, DI water and ethanol three times each by centrifugation until pH became neutral. Resultant mixture was sonicated by adding 20 ml of DI water and dried at 60 °C in vacuum oven for 24 h to get the GO. The crystalline structures of the GO were investigated by X-ray diffraction (XRD) using a Rigaku miniflex II powder diffractometer in 20 range of 5 o -50 o (Cu K α operated at 30 kV, 15 mA). XRD pattern of GO and graphene has been shown in Fig. 1 , respectively. The GO and Graphene patterns (Fang et al., 2009 ). The scanning electron microscopy (SEM) images of GO with 7,000 and 10,000 magnifications have been shown in Fig. 2 (a and b) . GO consists of randomly aggregated, thin, crumpled sheets closely associated with each other to form a disordered solid. GO has layered structure, which shows ultrathin and homogeneous films.
Effect of GO on hatching and mortality of root knot nematodes
The effect of 3 concentrations of GO (125 ppm, 250 ppm and 500 ppm) was observed separately on the hatching and mortality of Meloidogyne incognita in small Petri dishes at 25±1 °C. Twenty egg masses of almost similar size were handpicked with sterilized forceps from the roots of eggplant (Solanum melongena L.) and were placed for hatching in 20 ml suspension. Twenty ml suspensions were made with 19 ml distilled water and 1 ml GO of 125 ppm / 250 ppm / 500 ppm. For control, twenty egg masses were placed in 20 ml double distilled water. Each set was replicated five times and numbers of juveniles hatched were counted under stereomicroscope. Experiment was repeated and pooled data were presented (Table 1) .
Effect of GO on the root-rot fungus
The antifungal activity of GO was determined by adding 1 ml GO of 125 / 250 / 500 ppm separately into 100 ml autoclaved PDA just before pouring in Petri dishes. Macrophomina phaseolina was inoculated on the plates containing different concentration of GO in PDA. Each set was replicated five times and experiment was repeated. The dishes were incubated at 25±1 °C and observed every 24 h up to 10 days. Antifungal activity of GO was determined by measuring the growth of colonies of fungus in control and different concentration 10 days after inoculation. Percent inhibition was calculated by comparing to a control (Table 1) . 
Preparation and sterilization of soil mixture
Sandy loam soil is collected from a field belonging to the Department of Botany, AMU, Aligarh and passed through a 10 mesh sieve. The soil, river sand and organic manure were mixed in a ratio 3:1:1 and 9 cm diameter clay pots were each filled with 1 kg of the mixture. A little water was poured into each pot to just wet the soil surface before sterilization at 137.9 kPa for 20 minutes. Sterilized pots were allowed to cool at room temperature before use.
Raising and maintenance of test plants
Lentil (Lens culinaris Medik.) seeds of cultivar Malika were surface sterilized with 0.1% sodium hypochlorite (NaOCl) for 2 minutes and rinsed three times with sterile water. Three seeds were sown in steam sterilized soil in 15 cm diameter clay pots and one week after germination thinning was done to maintain single seedling per pot. Seedlings were subjected to the treatments listed in Table 2 . Un-inoculated plants served as a control and plants were kept in a glass house at 20±2 °C. Pots were arranged in a randomized block design and each treatment was replicated 5 times. Pots were watered as needed and experiment was terminated 90 days after inoculation. Experiment was repeated once. Data of both the experiments were similar and means of both the year data have been presented.
Fungus inoculum
For obtaining sufficient inoculum, Macrophomina phaseolina was cultured on Richard's liquid medium having following composition:
Potassium nitrate 10.0 g Potassium dihydrogen phosphate 5.0 g Magnesium sulphate 2.5 g Ferric chloride 0.02 g Sucrose 50.0 g Distilled water 1000 ml
The medium was prepared and filtered through muslin cloth, sterilized in an autoclave at 103.4 kPa for 15 minutes in 250 ml Erlenmeyer flasks each containing 80 ml liquid medium. Macrophomina phaseolina was inoculated in each flask with the help of inoculation needle. Inoculated flasks were incubated at 25±1 °C for about 15 days to allow sufficient growth of the fungus. Mycelia mats of the fungus were collected on blotting papers separately to absorb excess of water and nutrients. The inoculum of fungus was prepared by mixing 50 g mycelium in 500 ml distilled water and blending it for 30 seconds in Waring blender. Ten ml of this suspension containing 1 g of fungal matterial was used as inoculum. Pure culture of M. phaseolina was continuously maintained on PDA by re-inoculation after every 15 days.
Rhizobium inoculum
Hundred g commercial culture of Rhizobium sp. (lentil strain) was suspended in 1000 ml distilled water and 10 ml (equivalent to 1 g inoculum) was inoculated in each pot around the seeds at the time of sowing.
Preparation of nematode inoculum
Meloidogyne incognita was collected from the lentil roots and multiplied on the roots of egg plants (Solanum melongena L.) using single egg mass. Large numbers of egg masses from heavily infected eggplant roots were hand-picked with the help of sterilized forceps from the previously maintained pure culture of M. incognita. The egg masses were washed with distilled water and placed in a small sieve (9 cm diameter with 1-mm pore size) containing crossed layers of tissue paper. The sieve was placed in a Petri dish containing distilled water deep enough to contact the egg masses. A number of these assemblies were kept in an incubator running at 25 ± 1 °C in order to obtain the required number of second-stage juveniles for inoculation. The hatched second-stage juveniles were collected from the Petri dishes every 24 h, fresh water was added, and the process was repeated. For counting nematode juveniles, an average of 5 counts was made to determine the density of nematodes in the suspension. The volume of nematode suspension was so adjusted that each ml may contain 200 ± 5 nematodes. Ten ml of this suspension (i.e. 2000 freshly hatched juveniles) was added to each pot around lentil seedling.
Inoculation technique
Rhizobium was inoculated in all plants at the time of sowing. Two weeks old lentil plants were used for inoculation. For inoculation of M. phaseolina, M. incognita, and GO soil around the roots was carefully removed aside without damaging the roots. The inoculum suspensions were poured around the roots and the soil was replaced. In control treatment, water was added in equal volume to the suspension. The treatments applied are shown in Table 2 . There were 4 treatments comprising of (1) Control; (2) GO 125 ppm (A); (3) GO 250 ppm (F); (4) GO 500 ppm. These 4 treatments were tested with (I) Control; (II) M. phaseolina; (III) M. incognita (4×3=12). Each treatment was replicated 5 times (12×5=60 pots). Experiment was repeated and pooled data were presented.
Evaluation of plant growth, disease advancement and symptoms
The plants were harvested 90 days after inoculation. Data on plant length, plant fresh weight, numbers of nodules and galls and root rot index were recorded. The length of plant was recorded in centimeter from the top of the first leaf to the end of the root. Excess water was removed by blotting before weighing the plant. The plants were cut with knife above the base of the root emergence zone to separate shoot and root. Shoots and roots were kept in envelope at 60 °C for 4 days before weighing for dry weight determination. A 250 g subsample of well-mixed soil from each treatment was processed by Cobb's sieving and decanting technique followed by Baermann funnel extraction (Southey, 1986) . Nematode suspension was collected after 24 h and the numbers of nematodes were counted in five aliquots of 1 ml of suspension from each sample. The means of five counts were used to calculate the population of nematodes per kg soil. To estimate the number of juveniles, eggs and females inside the roots, 1 g subsample of roots was macerated in a Waring blender and counts were made from the suspension thus obtained. Numbers of nematodes present in roots were calculated by multiplying the number of nematodes present in 1 g of root by the total weight of root. Root rot index was determined by scoring the severity of disease on a scale ranging from 0 (no disease) to 5 (severe root-rot).
Statistical analysis
The data were analyzed statistically (Dospekhov, 1984) . Least significant differences (L.S.D.) were calculated at P=0.05. Duncan's multiple range test (DMRT) was applied to denote the significant differences between the treatments. Figures 3 and 4 error bars represent Standard error. 
Results

Effects of GO on hatching and mortality of M. incognita
Effects of 3 concentrations of GO, i.e. 125, 250, 500 ppm were studied on the hatching and mortality of M. incognita (Table 1 ). All the 3 concentrations had inhibitory effect on hatching and mortality of M. incognita. Highest concentration of GO, i.e. 500 ppm caused maximum inhibition of M. incognita hatching and mortality of J2 followed by 250 and 125 ppm concentrations. Addition of 500 ppm GO caused 82.4% reduction in hatching while 62.6 and 46.2% inhibition was observed with 250 and 125 ppm GO. Similarly, 500 ppm concentration of GO caused 95.7% mortality while 250 and 125 ppm concentrations caused 80.6 and 51.1% mortality of second stage juveniles of M. incognita (Table 1) .
Effects of GO against root-rot fungus
Effects of three concentrations of GO, i.e. 125, 250, 500 ppm were studied on M. phaseolina (Table 1 ). All the three concentrations had inhibitory effect on the growth of M. phaseolina. Highest concentration of GO, i.e. 500 ppm caused maximum inhibition in the growth of M. phaseolina followed by 250 ppm and 125 ppm concentration. Addition of 125 ppm GO caused 26.4% inhibition in fungus growth while 51.3 and 78.2% was caused by 250 ppm and 500 ppm GO (Table 1) .
Pot experiment
Treatment of plants with 10 ml solution of GO in 3 concentrations, i.e. 125, 250 and 500 ppm caused a significant increase in plant dry weight over control ( Table 2) . Treatment of 500 ppm concentration of GO caused a greater increase in plant dry weight followed by 250 ppm and 125 ppm concentrations. Treatment of 125 ppm GO caused 18.60% increase in plant dry weight over uninoculated control while application of 250 ppm and 500 ppm GO caused 36.63% and 56.40% increase in plant dry weight over uninoculated control (Table 2) .
Inoculation of plants with M. incognita caused a significant reduction in plant dry weight over uninoculated control (Table 2; Fig. 3) . Treatment of plants with 125, 250 and 500 ppm GO before inoculation with M. incognita caused a significant increase in plant dry weight over plants inoculated with M. incognita alone. Treatment of 500 ppm GO caused a greater increase in plant dry weight of M. incognita inoculated plants followed by 250 ppm and 125 ppm. Treatment of 125 ppm GO before inoculation with M. incognita caused 28.57% increase in plant dry weight over plants with nematode alone while application of 250 ppm and 500 ppm GO to plants with M. incognita caused 60.20% and 94.90% increase in plant dry weight (Table 2; Fig. 3) .
Inoculation of M. phaseolina caused a significant reduction in plant dry weight over uninoculated control (Table 2 ; Fig. 3) . Treatment of 125, 250 and 500 ppm GO before inoculation with M. phaseolina caused significant increases in plant dry weight over plants inoculated with M. phaseolina alone. Treatment of 500 ppm GO caused a greater increase in plant dry weight of M. phaseolina inoculated plants followed by 250 ppm and 125 ppm. Treatment of 125 ppm GO before inoculation with M. phaseolina caused 32.35% increase in plant dry weight over plants with M. phaseolina alone while application of 250 ppm and 500 ppm GO to M. phaseolina inoculated plants caused 54.90 and 92.11% increase in plant dry weight (Table 2 ; Fig. 3 ). Numbers of nodules per root system were high in plants without M. incognita or M. phaseolina (Table 2) . Inoculation of M. incognita or M. phaseolina caused reduction in nodulation over plants without pathogens. Inoculation of M. incognita caused over all 55.88% reduction in nodulation while inoculation of M. phaseolina caused about 45.59% reduction in nodulation. Treatment of GO in three concentrations (125, 250 and 500 ppm) had no significant effect on nodulation in plants both with or without pathogens ( Table 2) .
Root galling and nematode multiplication was high in plants inoculated with M. incognita alone (Table 2; Fig. 4) . Treatment of GO in all the three concentrations (125, 250 and 500 ppm) reduced galling and nematode multiplication. Greater reduction in galling and nematode multiplication was observed in plants treated with 500 ppm GO followed by 250 ppm and 125 ppm. Treatment of 125, 250 and 500 ppm caused 34.3%, 54.3% and 74.3% reductions in galling, respectively, while treatment of 125, 250 and 500 ppm resulted in 34.9, 54.0 and 72.3% reduction in nematode multiplication (Table 2 ; Fig. 4) .
Root-rot index was found 5 when M. phaseolina was inoculated alone ( Table 2 ). Treatment of GO in all the 3 concentrations, i.e. 500, 250 and 125 ppm reduced root rot index of M. phaseolina inoculated plants. Root-rot index was reduced to 4 when 125 ppm GO was applied to M. phaseolina inoculated plants. Indices were 3 and 2, respectively when plants with M. phaseolina were treated with 250 and 500 ppm GO (Table 2) .
Discussion
Application of GO in all the three concentrations inhibited the growth of root-rot fungus M. phaseolina and also had adverse effect on hatching and mortality of root knot nematode M. incognita. The strong antifungal and antibacterial properties of GO have been reported by Sawangphruk et al. (2012) ; Wang et al. (2013 Wang et al. ( , 2014 . The addition of GO in culture medium not only inhibited the growth of M. phaseolina but cell wall of the mycelium was disrupted. The inhibition of growth and disruption of cell wall of fungus was increased with increase in the concentration of GO. Cell membrane disruption of fungal spores was verified by examining the leakage of electrolytes from F. graminearum and F. oxysporum by Chen et al. (2014) . Their results indicated that about 57.7% of the total electrolytes leaked out of the F. graminearum cells and 53.6% out of F. oxysporum even 300 min after exposure to 500 mg mL -1 GO, suggesting that GO could indeed disrupt the phospholipids of fungal membranes . Injury was manifested as an increased leakage of electrolyte. The disruption of membrane has a large impact on membrane potential changes and membrane-associated energy-transducing system, such as intra-and extra-cellular ATP pools (Lyon and Alvarez, 2008) . The activation of membrane potential is associated with spore germination. One of the earliest events in the germination of spores is the activation of membrane potential (Harris, 2005) . Thus, the perturbation of membrane integrity and the subsequent leakage of electrolytes may have relationship with inactivation and growth of fungus. The antimicrobial activity of GO, is associated with its facile surface modification, high mechanical strength, good water dispersibility, and photoluminescence (Singh et al., 2011) . In addition, antifungal mechanism of GO deduced to target the spores by depositing on the surface of spores, inhibiting water uptake and inducing plasmolysis .
GO also had adverse effect on the hatching and mortality of M. incognita. It is possible that toxicity of GO inhibited the hatching of M. incognita. Hatched 2 nd stage juveniles of M. incognita showed mortality within 6 hours of hatching. Observation of dead 2 nd stage juveniles under microscope showed their deformed shape. It is possible that the leakage of electrolytes from body wall of nematodes may have resulted in the mortality of nematodes.
In pot experiment, application of GO resulted in the increased growth of both pathogen inoculated and uninoculated plants. Khodakovskaya et al. (2012) reported the application of carbon nanotubes as regulators of seed germination and plant growth. Multiwalled carbon nanotubes (MWCNTs) have the ability to enhance the growth of tobacco cell culture by 55-64% when compared to control at a wide range of concentrations from 5-500 µg/ml (Khodakovskaya et al., 2012) . Carbon nanotubes (CNTs) can regulate cell division and plant growth by a unique molecular mechanism that is related to the activation of water channels (aquaporins) and major gene regulators of cell division and extension (Khodakovskaya et al., 2012) . Therefore, increase in plant growth in the absence of plant pathogens with increase in GO concentration can be attributed to role of carbon nanotubes as regulators of seed germination and plant growth (Khodakovskaya et al., 2012) .
Increase in growth of M. incognita and M. phaseolina inoculated plants was also observed. Adverse effect of GO was observed in our laboratory test on the growth of M. phaseolina and hatching and mortality of M. incognita. Widely recognized antimicrobial mechanisms of GO include the synergistic effects of membrane disruption of the cell envelope and oxidative stress, which are related to the physical and chemical properties of GO (Akhavan and Ghaderi, 2010; Liu et al., 2011) . GO concentration dependent inhibitory effects on a phytopathogenic fungus were observed not only in this study but by others as well . Present study reveals that GO inhibited both pathogens, i.e. M. incognita and M. phaseolina, which is evident by reduced root galling and nematode multiplication and reduced root-rot index which resulted in increased growth of pathogen inoculated plants.
The above results indicate that GO can display broad spectrum antimicrobial activity towards phytopathogens and this antimicrobial activity is concentration-dependent. Therefore, the use of GO can be expected to serve as a long-term effective measure to control pathogenic microbes, in contrast to some chemical pesticides. 
